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Abstract: Following our observation that clofoctol led to Epstein–Barr virus (EBV) lytic gene expres-
sion upon activation of the integrated stress response (ISR), we decided to investigate the impact of
As2O3 on viral lytic gene expression. As2O3 has also been reported to activate the ISR pathway by
its activation of the heme-regulated inhibitor (HRI). Our investigations show that As2O3 treatment
leads to eIF2α phosphorylation, upregulation of ATF4 and TRB3 expression, and an increase of EBV
Zta gene expression in lymphoid tumor cell lines as well as in naturally infected epithelial cancer cell
lines. However, late lytic gene expression and virion production were blocked after arsenic treatment.
In comparison, a small molecule HRI activator also led to increased Zta expression but did not block
late lytic gene expression, suggesting that As2O3 effects on EBV gene expression are also mediated
through other pathways.
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1. Introduction

The Epstein–Barr virus (EBV), a human gammaherpesvirus, is associated with a
variety of malignancies including some lymphomas of B, T, and NK cell origin, and
carcinomas including nasopharyngeal and gastric carcinomas [1,2]. In tumors, latency
gene expression predominates and there is little or no expression of the viral proteins
associated with virion production. While some have argued that lytic gene expression
plays an important role in the transformation and maintenance of malignancy, others have
argued that pharmacologic induction of viral lytic gene expression might be a therapeutic
strategy to treat these cancers [3–5]. EBV reactivation may also be important in a variety of
chronic diseases [6].

Arsenic trioxide (As2O3) has been reported to activate EBV lytic gene expression in
epithelial cells [7,8] but not in Burkitt lymphoma cells [9]. As2O3 is used in the clinic in
the treatment of promyelocytic leukemia [10]. In that disease which is characterized by a
fusion of the PML and RARα genes, As2O3 reacts with the RING-finger domain of PML
leading to SUMOylation and degradation of the fusion protein [11].

In recent work, we reported that eIF2α phosphorylation, by the protein kinase R (PKR)-
like endoplasmic reticulum (ER) kinase (PERK), activated EBV lytic viral transcription [12].
Phosphorylation of eIF2α has been extensively studied in other contexts [13]. A variety
of cellular stresses lead to its phosphorylation at Ser51, stalling of translation initiation
complexes, and inhibition of global protein synthesis. This pathway is known as the
integrated stress response (ISR). Four kinases phosphorylate this eIF2α serine: PERK,
heme-regulated inhibitor kinase (HRI), general control nonderepressible 2 (GCN2), and
double-stranded RNA-dependent protein kinase (PKR). Homologous in their catalytic
domains, the regulatory domains of these kinases respond to different stresses. PERK is
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activated by endoplasmic reticulum stress associated with the accumulation of unfolded
proteins. HRI is expressed at the highest levels in erythroid cells where it is activated by a
deficiency in heme. It regulates globin mRNA translation as a function of the availability of
heme. PKR is induced by class 1 interferons and activated by binding to highly structured
double-stranded RNAs. GCN2 is activated by binding uncharged tRNAs that are associated
with amino acid starvation. With the observation that PERK-mediated phosphorylation
of eIF2α led to activation of EBV lytic gene expression [12], we were interested in the
possibility that the other arms of the ISR might also mediate activation of lytic gene
expression, including HRI, which is activated by As2O3 (Figure 1A) [14–16].
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Figure 1. Arsenic and BTdCPU activate the p-eIF2α-ATF4 pathway in a lymphoma cell line. (A) A diagram illustrating how
arsenic and BTdCPU activate the p-eIF2α-ATF4 pathway. (B) BX1-Akata cells were treated with 10 µM As2O3 or BTdCPU
for the indicated time period, and expression of p-eIF2α, ATF4, and PML protein accumulation were determined by western
blot. The cell lysate proteins on the blot were also incubated with actin antibodies.

In the experiments reported here, we sought to better understand the impact of
arsenicals and other ISR activators on EBV lytic gene expression.

2. Materials and Methods
2.1. Cell Culture

BX1-Akata, an engineered derivative of the Akata EBV (+) Burkitt lymphoma cell
line, which carries a recombinant EBV expressing GFP, was a gift from L. Hutt-Fletcher
(Louisiana State University) [17]. Raji is an EBV (+) Burkitt lymphoma cell line. SNU719 is
a naturally derived EBV (+) gastric cancer cell line and was a gift from J.M. Lee (Yonsei
University) [18]; C666-1 is an EBV (+) nasopharyngeal carcinoma cell line and was a
gift from S. Diane Hayward [19]. LCL is an EBV-immortalized lymphoblastoid cell line
established in the lab by infecting normal B lymphocytes with EBV strain B95-8. All cell
lines were cultured in RPMI 1640, 2 mM L-glutamine, 100 µg/mL streptomycin, 100 IU/mL
penicillin, and 10% v/v fetal bovine serum (FBS). Additionally, 500 µg/mL G418 (Geneticin;
Gibco™ by Life Technologies, New York, NY, USA) was added for the BX1-Akata cell line.

2.2. Reagents

Arsenic trioxide, sodium arsenite, BTdCPU, and anti-IgG were purchased from Milli-
poreSigma (Burlington, MA, USA).

2.3. qRT-PCR

RNeasy Mini Kit (QIAGEN, Germantown, MD, USA) was used for RNA extrac-
tion, and iScript reverse synthase kit (Bio-Rad, Hercules, CA, USA) was used to reverse-
transcribe the RNA into cDNA. SsoFast Evagreen Supermix (Bio-Rad, Hercules, CA,
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USA) with 500 nM primers and cDNA corresponding to 20 ng of the RNA were used
for each reaction of qPCR. cDNA was amplified at 95 ◦C for 30 s for 1 cycle and 95 ◦C
for 5 s and 60 ◦C for 10 s, for a total of 40 cycles in a CFX96 real-time thermocycler. EBV
primers used were Zta Forward (5′-ACATCTGCTTCAACAGGAGG-3′), Zta Reverse (5′-
AGCAGACATTGGTGTTCCAC-3′), BMRF1 Forward (5′-CTAGCCGTCCTGTCCAAGTGC-
3′), BMRF1 Reverse (5′-AGCCAAACGCTCCTTGCCCA-3′), gp350 Forward (5′-
GTCAGTACACCATCCAGAGCC-3′), gp350 Reverse (5′-TTGGTAGACAGCCTTCGTATG-
3′), gp110 Forward (5′-AACCTTTGACTCGACCATCG-3′), and gp110 Reverse (5′-
ACCTGCTCTTCGATGCACTT-3′). Trib3 primers were Forward (5′- CGTGATCTCAAGCTGTGTCG-
3′) and Trib3 Reverse (5′- AGCTTCTTCCTCTCACGGTC-3′). GAPDH primers Forward (5′-
TCTTTTGCGTCGCCAGCCGA-3′) and GAPDH Reverse (5′-AGTTAAAAGCAGCCCTGGTGACCA-
3′) were used as a control. The HRI primer set was purchased from Santa Cruz Biotechnol-
ogy. The gene expression was normalized to GAPDH expression by using the comparative
Ct method and presented as the fold change relative to the untreated control.

2.4. Immunoblots

For protein extractions, 1 × 107 cells were washed in PBS, and the pellets were
resuspended in RIPA buffer containing 1× protease/phosphatase inhibitor cocktail (Santa
Cruz Biotechnology, Dallas, TX, USA). After 15 min incubation in ice and 15 min of rotation
at 4 ◦C, the proteins were isolated by centrifugation at 13,000 rpm at 4 ◦C for 5 min and
collected from the supernatant. Equal amounts of protein (30 µg) per sample were separated
by SDS-PAGE and subsequently transferred to nitrocellulose membranes. Western blotting
were performed with antibodies against EBV Zta, BMRF1, ATF4 (Santa Cruz Biotechnology,
Dallas, TX, USA), p-eIF2α (Abcam, Cambridge, UK), PML (Novus Biologicals, Littleton,
CO, USA), Actinin (Cell Signaling technology, Danvers, MA, USA), and β-actin (Sigma-
Aldrich, St. Louis, MO, USA). ECL chemiluminescent detection reagents (GE Healthcare,
Chicago, IL, USA) with autoradiography film (Thomas Scientific, Swedesboro, NJ, USA)
were used for the detection.

2.5. Immunofluorescence

Next, 1.5× 105 cells were spun onto microscope slides using a Cytospin centrifuge and
fixed using ice-cold methanol for 15 min. After blocking with 5% Bovine serum albumin
(BSA) in PBS for 30 min, cells were stained with anti-EBV Zta or gp350 antibody (Santa Cruz,
Dallas, TX, USA) for 1 h, washed three times for ten minutes each with 5% BSA, 0.1% Tween-
20 in PBS, and incubated with Cy3 goat anti-mouse antibody (Jackson Immunoresearch,
West Grove, PA, USA) for 1 h at room temperature. After three final washes, cells were
stained with Vectashield mounting media with DAPI (Vector Laboratories, Burlingame, CA,
USA), and a ZOE Fluorescent cell imager (Bio-Rad) was used for the fluorescence detection.

2.6. shRNA Knockdown

A pool of lentiviral particles containing 3 different shRNA constructs targeting HRI,
a shRNA targeting PML, and control lentiviral particles encoding a scrambled sequence
(Santa Cruz Biotechnology, Dallas, TX, USA) were used according to the manufacturer’s
protocol, and the stable cell lines expressing the shRNA were selected with puromycin.

2.7. Raji Infection Assay

BX1-Akata cells (1.5 × 107) were treated with anti-IgG (10 µg/mL), arsenic trioxide
(10 µM), or sodium arsenite (10 µM) and incubated for 4 days. After spinning the cells, the
supernatant was passed through a Millex-HV Syringe Filter Unit (0.45 µm, Milli-poreSigma,
Burlington, MA, USA), concentrated with a centrifugal filter (Amicon Ultra-15 Centrifugal
Filter Unit, MilliporeSigma, Burlington, MA, USA), and 0.2 mL was used to infect Raji cells
(2 × 105 in 1 mL medium). TPA (20 ng/mL) and NaB (3 mM) were added 24 h after the
infection and the GFP-positive cells were counted the next day using a ZOE Fluorescent
cell imager.
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3. Results
3.1. Arsenical-Induction of the ISR

We first assessed markers of ISR induction in an EBV (+) Burkitt lymphoma cell line,
BX1-Akata, following treatment with As2O3. Phosphorylation of eIF2α and increased
ATF4 protein accumulation were observed after this treatment (Figure 1B). Parallel re-
sults were seen with N,N′-diarylurea, BTdCPU (1-(benzo[d][1,2,3]thiadiazol-6-yl)-3-(3,4-
dichlorophenyl)urea). This small molecule has been previously identified as directly
interacting with HRI and inducing eIF2α phosphorylation [15]. As2O3 treatment also led
to a time- and dose-dependent increase in Trib3 RNA (also known as NIPK and SKIP3)
(Figure S1). These results are consistent with As2O3-mediating ISR activation [20–22]. We
also observed that As2O3 treatment leads to degradation of PML, whereas BTdCPU had
no effect on PML expression as judged by immunoblot methods (Figure 1B).

3.2. EBV Immediate Early Lytic Gene Expression Is also Activated

BX1-Akata cells were treated with varying doses of As2O3 or sodium arsenite (NaAsO2),
and EBV Zta RNA levels were examined by qRT-PCR. Zta expression increased in a dose-
dependent and time-dependent manner at concentrations of As2O3 that are achieved
clinically in the treatment of promyelocytic leukemia (2–5 µM) [23] (Figure 2A). Increased
Zta expression was also confirmed by immunofluorescence (Figure 2B). We note that
the percentage of cells expressing Zta is high and exceeds activation typically seen in
comparable experiments with TPA and sodium butyrate. The BX1-Akata cell line carries a
recombinant viral genome that expresses green fluorescent protein (GFP) under control of
the cytomegalovirus promoter. In the absence of lytic induction, only rare cells are lytic and
only rare cells express GFP. With lytic induction, the numbers of cells expressing GFP also
increase (Figure 2C). To investigate the relationship of the HRI pathway to activation of Zta
expression by arsenicals, we performed a genetic knockdown experiment with a pool of
three HRI shRNA constructs. HRI shRNA inhibited HRI RNA expression and substantially
blocked arsenical induction of Trib3 and Zta (Figure 3A). Induction of lytic replication as
judged by GFP expression was also blocked (Figure 3B). These results are consistent with
the interpretation that the effects of arsenicals on Trib3 and Zta expression are mediated by
HRI activation of the ISR. When HRI expression is blocked by shRNA constructs, the lytic
response to the arsenicals is blocked.

3.3. Lytic Induction in Epithelial Cancer Cell Lines and LCLs

To better assess the generality of the findings with the Akata Burkitt line, we investi-
gated the impact of arsenicals on naturally EBV-infected gastric carcinoma (SNU719) and
nasopharyngeal carcinoma (C666-1) cell lines. Similar to the results seen in the Burkitt
cell line, Trib3 RNA and Zta RNA increased following As2O3 treatment (Figure 4A,B).
However, by immunofluorescence Zta protein was only marginally increased in SNU719
cells, and no increase could be detected in C666-1 cells). Zta RNA expression in an EBV
lymphoblastoid cell line was activated by arsenic compounds (Figure 4C), but increased
Zta protein expression was not observed following arsenical treatment). Thus, we conclude
that the effects of arsenicals on Zta RNA were not limited to lymphoma cells—but note
that protein levels varied substantially among cell lines.



Viruses 2021, 13, 812 5 of 13Viruses 2021, 13, x FOR PEER REVIEW 5 of 12 
 

 

 
Figure 2. Arsenic induces EBV Zta expression in a lymphoma cell line. (A) BX1-Akata cells were 
treated with the indicated concentrations of As2O3 or NaAsO2 for 24 h, and isolated RNA was used 
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Figure 2. Arsenic induces EBV Zta expression in a lymphoma cell line. (A) BX1-Akata cells were treated with the indicated
concentrations of As2O3 or NaAsO2 for 24 h, and isolated RNA was used for qRT-PCR with Zta primers (Left). BX1-Akata
cells were treated with 10 µM As2O3 or NaAsO2 for the indicated time periods, and qRT-PCR was performed to detect Zta
RNA levels (Right). (B,C) BX1-Akata cells were treated with 10 µM As2O3 or NaAsO2 for 24 h. Fluorescence was used
to assess Zta (B) and GFP expression (C) following treatment. All scale bars on the bottom right represent 100 µm. Fold
changes in numbers of positive cells are quantitated in the side panels.
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Figure 3. shRNA knockdown of HRI reduces EBV Zta activation by arsenic. BX1-Akata cells were transduced with shRNA
lentiviral vectors designed to knockdown HRI gene expression or control shRNA lentiviral vectors. (A) HRI knockdown was
confirmed by qRT-PCR. The rise in Trib3 and Zta RNA associated with arsenical treatment was blunted by HRI knockdown.
(B) Fluorescence microscopy showed that HRI knockdown also eliminated any rise in GFP-positive cells after 24 h of arsenic
treatment (* p < 0.05; ** p < 0.01).
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arsenic treatment (Figure 5C,D). To further evaluate the impact of arsenicals on lytic in-
fection, we assessed virion production. For this purpose, we relied on the Raji infection 
assay [24,25]. In this assay, virions from BX1-Akata cells that infect Raji cells lead to the 
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Figure 4. Arsenic activates EBV Zta expression in naturally infected epithelial cells and LCLs. (A) SNU719 cells were treated
with indicated doses of arsenic for 24 h, and RNA was isolated. Trib3 (left) and Zta (right) RNA levels were determined by
qRT-PCR. SNU719 cells were treated with 10 µM As2O3 or NaAsO2 for 24 h, and immunofluorescence was performed with
an anti-Zta antibody (bottom). Zta-positive cells were quantified and graphed in the right. (B,C) C666-1 cells (B) and LCLs
(C) were treated with indicated doses of arsenic for 24 h and isolated RNA was used for Trib3 (left) and Zta (right) RNA
quantification.
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3.4. Arsenicals Have Different Impacts on Expression of a Delayed Early Gene and a Late Gene

Although EBV Zta RNA and protein expression were induced by arsenic treatment,
the effects on BMRF1, a delayed early gene, were quite different. RNA levels increased
(Figure 5A) whereas protein levels decreased (Figure 5B). RNA and protein levels (as judged
by immunofluorescence) of the late lytic gene gp350 did not increase following arsenic
treatment (Figure 5C,D). To further evaluate the impact of arsenicals on lytic infection, we
assessed virion production. For this purpose, we relied on the Raji infection assay [24,25].
In this assay, virions from BX1-Akata cells that infect Raji cells lead to the induction of the
GFP expression in Raji cells. Lytic induction of BX1-Akata cells with anti-IgG yielded a
supernatant that induced GFP expression in Raji cells and served as a positive control as
can be seen in Figure 5E. In contrast, the supernatant from arsenical-treated BX1-Akata
cells yielded no GFP signal. Thus following arsenic treatment, the immediate early Zta
RNA and protein were expressed and the delayed early BMRF1 RNA was induced, but the
BMRF1 protein was not detected. The late gp350 RNA was not induced and the protein
was not detected and was consistent with a block in delayed early and late gene expression;
virion production was inhibited (relative to baseline).

3.5. Effects of Direct HRI Activator on EBV Lytic Gene Expression

With the unexpected discordance between the impact of arsenicals on immediate
early vs. delayed early and late genes, we were interested in investigating the impact of
the small-molecule HRI activator BTdCPU on viral gene expression. As already noted
(Figure 1B), BTdCPU led to eIF2α phosphorylation and ATF4 expression, but in contrast
to the arsenicals, BTdCPU did not impact PML expression. With regard to viral gene
expression, BTdCPU resulted in increased GFP expression in BX1-Akata cells (Figure 6A).
When BX1-Akata cells were treated with As2O3, BTdCPU, or the combination, both drugs
increased Trib3 RNA. The combination of As2O3 and BTdCPU markedly increased Zta
RNA. In contrast, while both drugs individually increased BMRF1 RNA, the combination
didn’t lead to further increase. For the late lytic genes, gp110 and gp350, As2O3 did not
lead to an increase in RNA, but BTdCPU did. Used in combination, As2O3 inhibited
BTdCPU-induction of late lytic gene expression (Figure 6B).

The comparison and the use of the two agents in combination made clear that the
effects of As2O3 on late lytic gene expression were not strictly limited to effects mediated
by eIF2α phosphorylation. One explanation might be that degradation of PML protein
following As2O3 might account for the difference. In order to investigate whether the
impact of As2O3 could be mimicked by BTdCPU in combination with a PML knockdown,
we used a target-specific PML shRNA construct (Figure 6C). As shown in Figure 6D,
knockdown of PML expression was not sufficient to block gp110 and gp350 RNA expression
induced by BTdCPU treatment. Thus, it would appear that As2O3 effects cannot be entirely
explained by effects on HRI or PML.
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Figure 5. Arsenic does not induce late lytic gene expression and inhibits virion production. (A) BX1-Akata cells were
treated with 10 µM As2O3 or NaAsO2 for 24 h, and BMRF1 RNA was measured by qRT-PCR. (B) BX1-Akata cells were
treated with indicated doses of As2O3 or NaAsO2 for 24 h, and immunoblot was performed to detect BMRF1 protein
expression. (C) BX1-Akata cells were treated with indicated doses of As2O3 or NaAsO2 for 24 h, and gp350 RNA was
measured by qRT-PCR. (D) BX1-Akata cells were treated with either anti-IgG, 10 µM As2O3, or NaAsO2 for 24 h, and
immunofluorescence was performed to detect gp350 protein level. (E) BX1-Akata cells were treated with either anti-IgG,
10 µM As2O3, or NaAsO2 for 4 days, and Raji cell infection assay was performed to determine infectious viral titers.
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Figure 6. BTdCPU induces EBV lytic gene expression. (A) BX1-Aakta cells were treated with 10 µM BTdCPU, and
fluorescence microscopy was used for detecting GFP positive cells after 24 h of treatment. (B) BX1-Akata cells were treated
with either As2O3, BTdCPU, or in combination (A+B) for 24 h, and qRT-PCR was performed. (C,D) BX1-Akata cells were
transduced with lentiviral particles designed to knockdown PML, and cells were selected by puromycin. Immunoblot was
performed to detect PML expression (C), and qRT-PCR was performed 24 h after As2O3 or BTdCPU treatment (D).

4. Discussion

These investigations confirm that HRI activation of the ISR is associated with upregu-
lation of immediate early, early, and late EBV RNA expression and that As2O3 activates
the ISR pathway. However, As2O3 activation of EBV genes is complex. While stimulating
Zta and BMRF1 RNA expression as well as Zta protein expression, As2O3 inhibits BMRF1
protein expression and does not lead to an increase in late gp110 or gp350 RNA expression.

We have used GFP expression by the BX1 cell line as an indicator of lytic gene expres-
sion in this and several previous investigations [12,26]. GFP expression is appreciated in
only a small percentage of cells under basal conditions. This percentage increases with
lytic activation. Thus, as in this report, we typically see Zta protein expression in a larger
percentage of cells than we see GFP expression. Similarly, others have used BX1 virus to
superinfect the Raji EBV BL cell line and only appreciate GFP signal after lytic induction
with TPA [27]. GFP expression in these cell lines is not marking the presence of the viral
genome but lytic induction.

Previous investigators have studied the impact of arsenicals on EBV gene expres-
sion [7–9,28]. Sides et al. reported activation of Zta and BMRF1 RNA expression in
epithelial cells [8]. Yin et al. studied EBV-positive lymphoma cell lines treated with As2O3
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at nanomolar concentrations for three days or longer. They reported decreased cell viability
and reduced expression of Zta and BMRF1 [9]. Our results parallel those in the previous
reports in some regards but differ in others, possibly reflecting differences in particular cell
lines studied or in the duration of drug treatment. Our investigations also differ insofar as
we report on the ISR pathway and HRI and studied BTdCPU, a direct activator of HRI.

Study of As2O3 and BTdCPU made clear that some effects of As2O3 are easily ex-
plained by the effect on HRI, while other effects must be mediated by other pathways.
As2O3 effects on PML protein and fusion proteins have been investigated in great detail, as
these effects underlie its therapeutic effect in the promyelocytic leukemia [11,29,30]. PML
shRNA knockdown in combination with BTdCPU did not replicate the effects of As2O3 on
late viral genes, so other pathways are likely involved. We note that As2O3 has been shown
to induce oxidative stress, DNA damage, and mitochondrial stress, and these pathways
may be important for the effects on late viral gene expression [31,32]. We should note that
several EBV lytic genes (BZLF1, BRLF1, BGLF4) disrupt PML nuclear bodies through PML
dispersal [33,34].

As has been true with other lytic activators, we found that activation of Burkitt cell
lines was stronger than naturally infected epithelial cell lines [12,35]. However, although
the extent of activation varied, activation of Zta was seen in all cell lines studied.

Differential effects of As2O3 and NaAsO2 at increasing BZLF1 transcription in a
lymphoblastoid cell line were previously reported [28]. However, our findings did not
show any differences between As2O3 and NaAsO2.

The effects of As2O3 we report are at levels achieved in leukemia patients with
As2O3 [23]. The abortive lytic infection is of interest because activation of immediate early
proteins may allow EBV-specific T cells (either a patient’s own or the result of adoptive
immunotherapy) to more readily target tumor cells. At the same time, the blockade of
delayed early and late lytic protein expression may protect against unwanted effects of
lytic activation that some have hypothesized might help drive tumorigenesis or have other
adverse effects.
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.3390/v13050812/s1, Figure S1: Arsenic leads to ATF4 and Trib3 expression.

Author Contributions: Conceptualization, R.F.A. and J.L.; methodology, R.F.A., J.L., J.S., P.D., J.G.K.,
and J.O.L.; writing—original draft preparation, J.L. and R.F.A.; writing—review and editing, all
authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Cancer Institute, grant number P30CA06973.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Longnecker, R.M.; Kieff, E.; Cohen, J.I. Epstein-barr virus. In Fields Virology, 6th ed.; Wolters Kluwer Health Adis (ESP):

Philadelphia, PA, USA, 2013.
2. Shannon-Lowe, C.; Rickinson, A.B.; Bell, A.I. Epstein-Barr virus-associated lymphomas. Philos. Trans. R. Soc. Lond. B Biol. Sci.

2017, 372, 20160271. [CrossRef]
3. Yiu, S.P.T.; Dorothea, M.; Hui, K.F.; Chiang, A.K.S. Lytic Induction Therapy against Epstein–Barr Virus-Associated Malignancies:

Past, Present, and Future. Cancers 2020, 12, 2142. [CrossRef]
4. Bristol, J.A.; Djavadian, R.; Albright, E.R.; Coleman, C.B.; Ohashi, M.; Hayes, M.; Romero-Masters, J.C.; Barlow, E.A.; Farrell, P.J.;

Rochford, R.; et al. A cancer-associated Epstein-Barr virus BZLF1 promoter variant enhances lytic infection. PLoS Pathog. 2018, 14,
e1007179. [CrossRef] [PubMed]

5. Munz, C. Latency and lytic replication in Epstein-Barr virus-associated oncogenesis. Nat. Rev. Microbiol. 2019, 17, 691–700.
[CrossRef] [PubMed]

6. Kerr, J.R. Epstein-Barr virus (EBV) reactivation and therapeutic inhibitors. J. Clin. Pathol. 2019, 72, 651–658. [CrossRef]

https://www.mdpi.com/article/10.3390/v13050812/s1
https://www.mdpi.com/article/10.3390/v13050812/s1
http://doi.org/10.1098/rstb.2016.0271
http://doi.org/10.3390/cancers12082142
http://doi.org/10.1371/journal.ppat.1007179
http://www.ncbi.nlm.nih.gov/pubmed/30052684
http://doi.org/10.1038/s41579-019-0249-7
http://www.ncbi.nlm.nih.gov/pubmed/31477887
http://doi.org/10.1136/jclinpath-2019-205822


Viruses 2021, 13, 812 12 of 13

7. Sides, M.D.; Sosulski, M.L.; Luo, F.; Lin, Z.; Flemington, E.K.; Lasky, J.A. Co-treatment with arsenic trioxide and ganciclovir
reduces tumor volume in a murine xenograft model of nasopharyngeal carcinoma. Virol. J. 2013, 10, 152. [CrossRef]

8. Sides, M.D.; Block, G.J.; Shan, B.; Esteves, K.C.; Lin, Z.; Flemington, E.K.; Lasky, J.A. Arsenic mediated disruption of promyelocytic
leukemia protein nuclear bodies induces ganciclovir susceptibility in Epstein-Barr positive epithelial cells. Virology 2011, 416,
86–97. [CrossRef] [PubMed]

9. Yin, Q.; Sides, M.; Parsons, C.H.; Flemington, E.K.; Lasky, J.A. Arsenic trioxide inhibits EBV reactivation and promotes cell death
in EBV-positive lymphoma cells. Virol. J. 2017, 14, 121. [CrossRef]

10. McCulloch, D.; Brown, C.; Iland, H. Retinoic acid and arsenic trioxide in the treatment of acute promyelocytic leukemia: Current
perspectives. OncoTargets Ther. 2017, 10, 1585. [CrossRef] [PubMed]

11. Kaiming, C.; Sheng, Y.; Zheng, S.; Yuan, S.; Huang, G.; Liu, Y. Arsenic trioxide preferentially binds to the ring finger protein PML:
Understanding target selection of the drug. Metallomics 2018, 10, 1564–1569. [CrossRef] [PubMed]

12. Lee, J.; Kosowicz, J.G.; Hayward, S.D.; Desai, P.; Stone, J.; Lee, J.M.; Liu, J.O.; Ambinder, R.F. Pharmacologic Activation of Lytic
Epstein-Barr Virus Gene Expression Without Virion Production. J. Virol. 2019, 93, e00998-19. [CrossRef]

13. Kashiwagi, K.; Yokoyama, T.; Nishimoto, M.; Takahashi, M.; Sakamoto, A.; Yonemochi, M.; Shirouzu, M.; Ito, T. Structural basis
for eIF2B inhibition in integrated stress response. Science 2019, 364, 495–499. [CrossRef] [PubMed]

14. McEwen, E.; Kedersha, N.; Song, B.; Scheuner, D.; Gilks, N.; Han, A.; Chen, J.-J.; Anderson, P.; Kaufman, R.J. Heme-regulated
inhibitor kinase-mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits translation, induces stress granule
formation, and mediates survival upon arsenite exposure. J. Biol. Chem. 2005, 280, 16925–16933. [CrossRef] [PubMed]

15. Chen, T.; Ozel, D.; Qiao, Y.; Harbinski, F.; Chen, L.; Denoyelle, S.; He, X.; Zvereva, N.; Supko, J.G.; Chorev, M.; et al. Chem-
ical genetics identify eIF2alpha kinase heme-regulated inhibitor as an anticancer target. Nat. Chem. Biol. 2011, 7, 610–616.
[CrossRef] [PubMed]

16. Lu, L.; Han, A.P.; Chen, J.J. Translation initiation control by heme-regulated eukaryotic initiation factor 2alpha kinase in erythroid
cells under cytoplasmic stresses. Mol. Cell. Biol. 2001, 21, 7971–7980. [CrossRef] [PubMed]

17. Molesworth, S.J.; Lake, C.M.; Borza, C.M.; Turk, S.M.; Hutt-Fletcher, L.M. Epstein-Barr virus gH is essential for penetration of B
cells but also plays a role in attachment of virus to epithelial cells. J. Virol. 2000, 74, 6324–6332. [CrossRef] [PubMed]

18. Park, J.G.; Yang, H.K.; Kim, W.H.; Chung, J.K.; Kang, M.S.; Lee, J.H.; Oh, J.H.; Park, H.S.; Yeo, K.S.; Kang, S.H.; et al. Establishment
and characterization of human gastric carcinoma cell lines. Int. J. Cancer 1997, 70, 443–449. [CrossRef]

19. Cheung, S.T.; Huang, D.P.; Hui, A.B.Y.; Lo, K.W.; Ko, C.W.; Tsang, Y.S.; Wong, N.; Whitney, B.M.; Lee, J.C.K. Nasopharyngeal
carcinoma cell line (C666-1) consistently harbouring Epstein-Barr virus. Int. J. Cancer 1999, 83, 121–126. [CrossRef]

20. Ohoka, N.; Yoshii, S.; Hattori, T.; Onozaki, K.; Hayashi, H. TRB3, a novel ER stress-inducible gene, is induced via ATF4-CHOP
pathway and is involved in cell death. EMBO J. 2005, 24, 1243–1255. [CrossRef] [PubMed]

21. Ord, D.; Ord, T. Characterization of human NIPK (TRB3, SKIP3) gene activation in stressful conditions. Biochem. Biophys. Res.
Commun. 2005, 330, 210–218. [CrossRef] [PubMed]

22. Ord, T.; Ord, D.; Kõivomägi, M.; Juhkam, K.; Ord, T. Human TRB3 is upregulated in stressed cells by the induction of
translationally efficient mRNA containing a truncated 5′-UTR. Gene 2009, 444, 24–32. [CrossRef] [PubMed]

23. Hayashi, T.; Hideshima, T.; Akiyama, M.; Richardson, P.; Schlossman, R.L.; Chauhan, D.; Munshi, N.C.; Waxman, S.; Anderson,
K.C. Arsenic trioxide inhibits growth of human multiple myeloma cells in the bone marrow microenvironment. Mol. Cancer Ther.
2002, 1, 851–860. [PubMed]

24. Meng, Q.; Hagemeier, S.R.; Fingeroth, J.D.; Gershburg, E.; Pagano, J.S.; Kenney, S.C. The Epstein-Barr virus (EBV)-encoded
protein kinase, EBV-PK, but not the thymidine kinase (EBV-TK), is required for ganciclovir and acyclovir inhibition of lytic viral
production. J. Virol. 2010, 84, 4534–4542. [CrossRef]

25. Li, R.; Zhu, J.; Xie, Z.; Liao, G.; Liu, J.; Chen, M.-R.; Hu, S.; Woodard, C.; Lin, J.; Taverna, S.D.; et al. Conserved herpesvirus
kinases target the DNA damage response pathway and TIP60 histone acetyltransferase to promote virus replication. Cell Host
Microbe 2011, 10, 390–400. [CrossRef] [PubMed]

26. Kosowicz, J.G.; Lee, J.; Peiffer, B.; Guo, Z.; Chen, J.; Liao, G.; Hayward, S.D.; Liu, J.O.; Ambinder, R.F. Drug Modulators of B Cell
Signaling Pathways and Epstein-Barr Virus Lytic Activation. J. Virol. 2017, 91, e00747-17. [CrossRef]

27. Zhang, K.; Lv, D.-W.; Li, R. Conserved herpesvirus protein kinases target SAMHD1 to facilitate virus replication. Cell Rep. 2019,
28, 449–459.e5. [CrossRef]

28. Zebboudj, A.; Maroui, M.A.; Dutrieux, J.; Touil-Boukoffa, C.; Bourouba, M.; Chelbi-Alix, M.K.; Nisole, S. Sodium arsenite induces
apoptosis and Epstein-Barr virus reactivation in lymphoblastoid cells. Biochimie 2014, 107, 247–256. [CrossRef]

29. Jeanne, M.; Lallemand-Breitenbach, V.; Ferhi, O.; Koken, M.; Le Bras, M.; Duffort, S.; Peres, L.; Berthier, C.; Soilihi, H.;
Raught, B.; et al. PML/RARA oxidation and arsenic binding initiate the antileukemia response of As2O3. Cancer Cell 2010, 18,
88–98. [CrossRef] [PubMed]

30. Zhang, X.-W.; Yan, X.-J.; Zhou, Z.-R.; Yang, F.-F.; Wu, Z.Y.; Sun, H.-B.; Liang, W.-X.; Song, A.-X.; Lallemand-Breitenbach, V.;
Jeanne, M.; et al. Arsenic trioxide controls the fate of the PML-RARalpha oncoprotein by directly binding PML. Science 2010, 328,
240–243. [CrossRef] [PubMed]

31. Kumar, S.; Yedjou, C.G.; Tchounwou, P.B. Arsenic trioxide induces oxidative stress, DNA damage, and mitochondrial pathway of
apoptosis in human leukemia (HL-60) cells. J. Exp. Clin. Cancer Res. 2014, 33, 42. [CrossRef] [PubMed]

http://doi.org/10.1186/1743-422X-10-152
http://doi.org/10.1016/j.virol.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21605886
http://doi.org/10.1186/s12985-017-0784-7
http://doi.org/10.2147/OTT.S100513
http://www.ncbi.nlm.nih.gov/pubmed/28352191
http://doi.org/10.1039/C8MT00202A
http://www.ncbi.nlm.nih.gov/pubmed/30259936
http://doi.org/10.1128/JVI.00998-19
http://doi.org/10.1126/science.aaw4104
http://www.ncbi.nlm.nih.gov/pubmed/31048492
http://doi.org/10.1074/jbc.M412882200
http://www.ncbi.nlm.nih.gov/pubmed/15684421
http://doi.org/10.1038/nchembio.613
http://www.ncbi.nlm.nih.gov/pubmed/21765405
http://doi.org/10.1128/MCB.21.23.7971-7980.2001
http://www.ncbi.nlm.nih.gov/pubmed/11689689
http://doi.org/10.1128/JVI.74.14.6324-6332.2000
http://www.ncbi.nlm.nih.gov/pubmed/10864642
http://doi.org/10.1002/(SICI)1097-0215(19970207)70:4&lt;443::AID-IJC12&gt;3.0.CO;2-G
http://doi.org/10.1002/(SICI)1097-0215(19990924)83:1&lt;121::AID-IJC21&gt;3.0.CO;2-F
http://doi.org/10.1038/sj.emboj.7600596
http://www.ncbi.nlm.nih.gov/pubmed/15775988
http://doi.org/10.1016/j.bbrc.2005.02.149
http://www.ncbi.nlm.nih.gov/pubmed/15781252
http://doi.org/10.1016/j.gene.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19505541
http://www.ncbi.nlm.nih.gov/pubmed/12492118
http://doi.org/10.1128/JVI.02487-09
http://doi.org/10.1016/j.chom.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/22018239
http://doi.org/10.1128/JVI.00747-17
http://doi.org/10.1016/j.celrep.2019.04.020
http://doi.org/10.1016/j.biochi.2014.09.002
http://doi.org/10.1016/j.ccr.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20609355
http://doi.org/10.1126/science.1183424
http://www.ncbi.nlm.nih.gov/pubmed/20378816
http://doi.org/10.1186/1756-9966-33-42
http://www.ncbi.nlm.nih.gov/pubmed/24887205


Viruses 2021, 13, 812 13 of 13

32. Baysan, A.; Yel, L.; Gollapudi, S.; Su, H.; Gupta, S. Arsenic trioxide induces apoptosis via the mitochondrial pathway by
upregulating the expression of Bax and Bim in human B cells. Int. J. Oncol. 2007, 30, 313–318. [PubMed]

33. Bell, P.; Lieberman, P.M.; Maul, G.G. Lytic but not latent replication of Epstein-Barr virus is associated with PML and induces
sequential release of nuclear domain 10 proteins. J. Virol. 2000, 74, 11800–11810. [CrossRef]

34. Frappier, L. Manipulation of PML Nuclear Bodies and DNA Damage Responses by DNA Viruses. In The Functional Nucleus;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 283–312.

35. Shirley, C.M.; Chen, J.; Shamay, M.; Li, H.; Zahnow, C.A.; Hayward, S.D.; Ambinder, R.F. Bortezomib induction of C/EBPbeta
mediates Epstein-Barr virus lytic activation in Burkitt lymphoma. Blood 2011, 117, 6297–6303. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/17203211
http://doi.org/10.1128/JVI.74.24.11800-11810.2000
http://doi.org/10.1182/blood-2011-01-332379
http://www.ncbi.nlm.nih.gov/pubmed/21447826

	Introduction 
	Materials and Methods 
	Cell Culture 
	Reagents 
	qRT-PCR 
	Immunoblots 
	Immunofluorescence 
	shRNA Knockdown 
	Raji Infection Assay 

	Results 
	Arsenical-Induction of the ISR 
	EBV Immediate Early Lytic Gene Expression Is also Activated 
	Lytic Induction in Epithelial Cancer Cell Lines and LCLs 
	Arsenicals Have Different Impacts on Expression of a Delayed Early Gene and a Late Gene 
	Effects of Direct HRI Activator on EBV Lytic Gene Expression 

	Discussion 
	References

